Among the anticorrosive protection technologies for magnesium alloys, the development of paint systems is a pressing need especially for the automotive and aeronautical industries. Conventional technologies are based on the use of Cr (VI) based compounds, both in pretreatments and primers, but for health and environmental reasons these technologies are being abandoned. An added problem in the painting of magnesium alloys is the lack of adhesion and the high reactivity of magnesium substrates, which may lead to underfilm corrosion and detachment of the paint system. Therefore, the selection of a suitable pretreatment is crucial.
INTRODUCTION
Environmental and energy consumption considerations have persuaded the automotive, aeronautical/aerospace and electronics sectors, among others, to focus increasingly on the use of more lightweight and environmentally-friendly materials, mainly by replacing aluminium and its alloys with magnesium alloys. Because of that, magnesium alloys are nowadays one of the most potentially interesting groups of structural materials for numerous industrial applications [1, 2] .
However, magnesium presents a serious limitation due to their great chemical activity that causes them to corrode easily in certain environments. Unprotected magnesium is severely corroded in humid atmospheres and/or aqueous solutions containing Cl -and/or SO x -because the oxide-hydroxide-carbonate film formed on magnesium is not stable
and not self-healing [3] [4] [5] . The in-service corrosion rate of magnesium can be significantly lowered by alloying design. For example, by alloying with elements such as aluminium, zinc, manganese, rare earth, etc, magnesium properties can be improved.
Ternary magnesium alloys like AZ91, presents a microstructure with two constituting phases: the  phase, i.e. the solid solution of Mg and the  phase (Mg 17 Al 12 ) and MnAl precipitates. In general the increasing presence of  phases improves corrosion resistance of the alloys [6] . Additionally, corrosion resistance can be increased by avoiding poor designs, inclusions, surface contamination, galvanic couples, etc. [7] .
However, protection against corrosion is still difficult to achieve by only alloying developments and avoiding poor designs. Therefore, many methods have been investigated for treating magnesium and its alloys in order to replace the naturally less protective oxide-hydroxide-carbonate film. Gray and Luan reviewed in 2002 the protection of magnesium alloys [8] and more recently Zhang and Wu in 2010 published a review of the patent literature on corrosion and protection of magnesium alloys [9] .
Without doubt the most widely used and effective means of preventing corrosion is the application of protective coatings [8, 10] . Practically, all currently available coating technologies are applicable in the case of magnesium and its alloys and have come under increasing study in recent years. In particular, mention may be made of chemical conversion coatings and pretreatments, electrodeposited metallic coatings, anodic coatings (conventional anodising and plasma electrolytic oxidation (PEO)), coatings applied by physical vapour deposition (PVD), laser surface alloying and organic coatings. Traditionally, different hexavalent chromium compounds (chromates) have been used as metallic corrosion inhibiting species in conversion coatings and pretreatments and in paint formulations [11] . However, their high toxicity and carcinogenic effect has led to limitations and even prohibitions on their use, giving rise to the development and promotion of alternative chrome-free conversion coatings such as silane-based technologies [12] [13] [14] [15] , phosphate permanganate treatments [16] [17] [18] , rareearth conversion films [19, 20] , anodizing processes [21, 22] , plasma electrolytic oxide coatings (PEO) [23] [24] [25] , etc. Among them the Plasma Electrolytic Oxidation (PEO) which refers to high voltage plasma-assisted anodising process is one of the most effective coating methods for improving the corrosion resistance of Mg and its alloys.
In this technique, the plasma is discharged by an external power source in a low concentration alkaline electrolyte near the surface of the work piece, which acts as the anode of the system. The plasma generated, causes partial short-term surface melting and consequently the formation of a highly adherent and inert oxide-ceramic layer.
However, the PEO coatings often consist of open and interconnected micro-pores via discharge channels which can facilitate quicker infiltration of corrosive products into the base metal and subsequently weakening the protective properties of the coated system.
Therefore, a post-sealing treatment [26] or the application of a topcoat, mainly a paint coating system, is usually recommended to assure a good anticorrosive properties.
This paper analyses the corrosion behaviour of three magnesium-based substrates, AZ31, AZ91 and AM60, and investigates the protective properties of a conventional chromate chemical conversion coating, two chromate-free chemical conversion coatings and two anodic treatments obtained by plasma electrolytic oxidation (PEO). The chromate treatment is not proposed as a realistic candidate for future application and serves only as a reference system and a criterion for achievable protection quality.
EXPERIMENTAL PROCEDURE
Three different magnesium alloys have been considered: AZ91, AM60 and AZ31. The elemental chemical composition of the alloys was analyzed by X-ray fluorescence (XRF) using a Philips PW 2404 X-Ray spectrometer. The results obtained are shown in Table 1 .
Test specimens of 100x50x5mm were cut from samples of AZ91 and AM60 obtained by die casting. On the other hand, specimens of the same length and width were cut from commercial AZ31 cold-rolled sheets of 2 mm thickness.
After surface preparation by grinding up to 1200 grade and degreasing-cleaning, five chemical conversion coatings including two PEO coatings and the chromate treatment were applied on all the substrates according to the manufacturers' instructions ( Table 2) .
After coating application, cross sections of the coated samples were prepared and analysed by SEM/EDX using a JEOL model JSM6500f scanning electron microscope along with an Oxford Inca energy dispersion microanalysis system.
The coated samples were exposed to natural and artificial corrosion tests. For natural tests, two atmospheric exposure sites of different aggressivities were selected: the mildly aggressive urban atmosphere of Madrid, corrosivity category C2 according to ISO 9223 [27] ; and the highly aggressive marine atmosphere of Cabo Vilano (A Coruña), corrosivity category C5 according to the same standard. The samples were evaluated periodically during 14 months of exposure. Oxidation of the surface was the only significant failure detected and, therefore, samples were evaluated according to ASTM D610 [28] . Other specimens were artificially weathered in the laboratory by exposure to permanent condensing humidity (ISO 6270-1) [29] , neutral salt fog (ISO 9227) [30] and 0.2l SO 2 Kesternich test (ISO 3231) [31] . The samples were also periodically evaluated according to ASTM D610 [28] . SEM/EDX analyses were also performed on samples after exposure in both, natural and artificial corrosion tests.
The anticorrosive performance of the coatings was also investigated by EIS in a classic three-electrode cell consisting of a silver/silver chloride reference electrode, a stainless steel counter electrode, and the coated or uncoated alloy specimens as the working electrode with an exposed area of 9.62 cm 2 . EIS measurements were carried out at room temperature using a potentiostat/galvanostat (AutoLab EcoChemie PGSTAT30) equipped with a FRA2 frequency response analyzer module. Frequency scans were carried out by applying a ± 5 mV amplitude sinusoidal wave perturbation, close to the corrosion potential. Five impedance sampling points were registered per decade of frequency. The analyzed frequency range was from 100 kHz to 1 mHz and the electrolyte used was 0.1M Na 2 SO 4 solution. The impedance data was analyzed using the electrochemical impedance software ZView® (Version 3.1c, Scribner Associates, Inc., USA). include a notable presence of Si and also P, Al and Na. Figure 2 shows the degree of oxidation (from "0" worst behaviour to "10" best behavior, according to ASTM D610 [28] ) presented by the magnesium alloys protected with the different coatings after 14 months of exposure in both, the urban atmosphere ( Figure 2a ) and the marine atmosphere (Figure 2b ). In general, as expected, degradation of the systems exposed in the marine atmosphere is clearly more significant compared to the degradation observed for the systems in the urban test site. On the other hand, a significant better behaviour of the PEO coatings is observed, offering PEO 1 the best performance. Concerning the three chemical conversion coatings of low thickness, although no clear conclusions can be drawn, Cr-free 2 showed, generally, the best results. Finally, regarding the magnesium alloys, the systems applied on AM60
RESULTS

Morphological and compositional characterization
Natural corrosion tests
(absence of Zn) seem to offer a better resistance to atmospheric exposure compared to the alloys containing Zn. This supremacy is especially significant in the case of the marine atmosphere.
Artificial corrosion tests
The evolution of the degree of oxidation with time observed on the coated samples exposed to permanent condensing humidity, neutral salt fog and Kesternich test is shown in Figure 3 . As example, only the results for one alloy for each test are presented because no significant differences were observed, thus they are representative of the behaviour of all alloys in each test. As can be seen, in the lowest aggressive test, i.e. the exposure to permanent condensing humidity (Figure 3a) , PEO coatings successfully protect the magnesium substrates, reaching the end of the test (3000h) almost without a visible failure to the naked eye. On the other hand, even in this low aggressive atmosphere, the rest of the studied treatments, including the Cr-based coating, present a notable deterioration after only few days of exposure. When the aggressivity of the environment increases, in the salt fog and Kesternich tests, the failure of the low thickness systems (Cr-based, Cr-free 1 and Cr-free 2) is detected even earlier, as can be seen, for example after only 24h of exposure to the salt fog test (Figure 3b ). When the exposure time in the salt fog test or the number of cycles in the Kesternich test increases, the PEO coatings also start to progressively deteriorate (Figures 3b and 3c ). Figure 4 shows the Bode plots obtained for the three alloys, bare and coated with the different pretreatments, after 168 hours of immersion. In this figure, the poor behavior of the systems: alloy + Cr-based, alloy + Cr-free 1 and alloy + Cr-free 2, is observed.
EIS measurements
These results are similar to that obtained with the bare alloys and observable already after only 24 hours of immersion, as shown in Figure 5 for the AM60 alloy. On the other hand, for both PEO systems, the impedance values at low frequencies are much higher and particularly, in the case of PEO 1 on AM60 or AZ31 alloys. Figure 6 compares the Bode plots for the systems AM60 + PEO 1 and AZ31 + PEO 2 after 72 and 336 hours of immersion. Significant variations are observed depending on the alloy type and immersion time.
DISCUSSION
As has been observed in both, natural and accelerated tests, PEO coatings clearly offer a better anticorrosive behaviour than the rest of the studied conversion coatings, including the Cr-based. A significant difference between PEO coatings and the other studied treatments was already detected after only three months of exposure in the marine atmosphere [32] . This tendency is evidently firstly related with the higher thickness applied in the case of the PEO coatings, but also due to the higher compactness and density of these layers, which improve the barrier properties of the protective system.
Nevertheless, it is difficult to rank the two studied PEO coatings because although PEO 1 presents slightly better behaviour in the natural tests, the opposite is true for the accelerated tests. Similarly, clear differences cannot be established between the two low thickness Cr-free and Cr-based conversion coatings, since, all showed a slight supremacy, showed similar poor results, especially in the accelerated corrosion tests.
The results obtained confirm that most of the studied treatments are not protective enough to assure the successful protection of the magnesium alloy substrates without the application of a topcoat, even in mildly aggressive atmospheres. This is obviously clear in the case of the low thickness treatments studied, due to the inadmissible degree of oxidation observed after only few hours of exposure in the condensing humidity cabinet or after few months of exposure in the urban atmosphere of Madrid.
In Figure 7a the aspect of an AZ31 + Cr free 2 sample after 14 months of exposure in the urban atmosphere is shown. A SEM image of a cross section of this sample is shown in Figure 7b . A network of cavernous pits (around 30µm in depth) along the surface can be observed. A representative EDAX analysis of the corrosion products found at the bottom of the pits is shown in Figure 7c . It suggests the presence of magnesium oxides, hydroxides and probably carbonates. Similarly, in Figure 8a the aspect of an AZ91 + Cr free 2 sample after 14 months of exposure in the marine atmosphere is shown. A network of pits covering completely the surface is observed and confirmed in the SEM image of a cross section of this sample shown in Figure 8b . EDAX analysis of the corrosion products located at the bottom of the pits reveals the additional presence of Cl (Figure 8c ), transported by the marine aerosol from the sea to the surface, reaching easily the magnesium substrate due to the low thickness, porosity and early degradation of the weak coating.
On the other hand, as can be seen in Figure 9 , degradation of PEO coatings, except when applied on AM60, is also remarkable in the marine atmosphere. Macropits (up to 1mm in diameter) are clearly visible to the naked eye (Figure 9a ) going through completely the PEO coating and penetrating into the magnesium alloy (Figure 9b ). Cl and S were also detected by EDAX at the bottom of the pits (Figure 9c ). Although degradation of PEO systems is lower in the urban atmosphere, the initiation of the process has been detected in most of the cases after only 14 months of exposure (Figure 2a) . These results, in combination with some failures detected in the condensing humidity test (Figure 3a) , point out the convenience of the application of a topcoat on the PEO coatings, in order to assure the successful protection of the magnesium alloys, even for the exposure in mildly aggressive atmospheres.
Regarding the EIS measurements, as shown in Figure 4 , the impedance at low frequencies for the systems: alloy + Cr-based , alloy + Cr-free 1 and alloy + Cr-free 2, not differ significantly from that shown by the bare alloys at comparable immersion times. The system AZ31 + Cr-based presents even a lower impedance than the own bare alloy, so in this case, corrosion products of magnesium alloy would be more resistive than the own pretreatment.
However, as can be seen in Figure 5a , after only 24 hours of immersion, a different electrochemical behaviour is observed for the system AM60 + Cr-free 1, which presents an impedance value at low frequencies one order of magnitude higher with respect to the bare alloy. The Nyquist diagram for this system (Figure 5b ) shows a widening of the semicircle that would correspond to two processes that are associated with two time constants: the first time constant is resolved in the high frequency region and is attributed to the intrinsic properties of the pretreatment, and the second time constant is defined in the low frequency region and is associated to the charge transfer reaction at the metal/electrolyte interface situated at the base of the pores in the Cr-free coating.
However, this certain protective character of Cr-free 1 coating on AM60 alloy, which occurs at the beginning of the immersion (24 hours), is not observed after 168 hours where no significant differences were found compared to the bare alloy.
These conversion coatings (Cr-based, Cr-free 1 and Cr-free 2) present a barrier based on the formation of a thin layer of stables oxides, but probably porous and small thickness, and cannot be considered a significant physical barrier.
However, for PEO coatings, and more specifically for PEO 1 coating, the impedance values at low frequencies are higher compared to the bare alloys. Therefore, a certain protective character of both coatings, and especially in the case of the AM60 + PEO1
and AZ31 + PEO1 systems (see Figure 4 (a) and (b)), is deduced. Figure 6 illustrates the different behaviour of PEO 1 coating depending on the alloy and immersion time. Thus, the impedance values at low frequencies of AZ31 + PEO1 system decreases about three orders of magnitude by increasing the immersion time from 72 hours to 336 hours, while the AM60 + PEO 1 remains virtually constant.
Therefore, an important degradation of the coating with immersion time is noted in the first case, while this degradation does not occur in the second one. Once again, a better behaviour of AM60 compared to the Zn-containing alloys is observed.
It is known that in the absence of defects, the coating essentially behaves as a physical barrier between the aggressive electrolyte and the metal. Usually, a very good coating (uniform and thick) behaves as an insulator and provides very good resistance.
According to the criteria of Lee and Mansfeld [33] for the classification of the (barrier)
protective properties of polymer coatings, resistance values close to 10 7 ohms indicate the absence of macroperforations and an intermediate coating quality. In the case of the PEO coatings, the corrosion protection of magnesium alloys is improved, but it would be necessary the application of a paint coating for protection under aggressive atmospheres.
CONCLUSION
The anticorrosive behaviour of different chromium free pretreatments applied to magnesium alloys has been assessed. Although the corrosion tests used were too severe for many of them, Plasma Electrolytic Oxidation (PEO) coatings have shown an acceptable good behavior in mildly aggressive atmospheres and could be considered an environmentally friendly alternative to chromate conversion treatments. Anyway, in order to assure the successful protection of the magnesium substrates it is recommended the application of a barrier topcoat on PEO coatings because they are an excellent base for the subsequent application of paint systems. Regarding the substrates, AM60 has shown a slightly better behaviour than the Zn-containing alloys (AZ31 and AZ91). Table 2 . Treatments applied on magnesium alloys. 
